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摘  要 
I 






合作用等生理过程与 CO2 浓度升高的关系，并研究了 CO2 浓度升高与重金属
Cu2+对龙须菜生理过程的复合影响。主要结果如下： 






（CCM）被明显下调，表明其对 CO2 的亲和力明显下降，HCO3-或 CO2 的主动
运输能力降低。高 CO2 浓度下，CCM 的下调节省了 CCM 运作的能耗，在低光
条件下使得浒苔的生长会受到促进，但是在光能充足或过剩情况下其不会补
充藻体对光能的需求，反而会引起光抑制。 
龙须菜（Gracilaria lemaneiformis），在两种不同 CO2 浓度（390 ppmv 和
1000 ppmv）及 Cu2+处理条件下（自然海水中原有 Cu2+浓度为 0.04 μM，向海水
中再分别加入 0、0.5 和 2.0 μM Cu2+，海水中 终 Cu2+浓度为 0.04、0.54 和 2.04 
μM）培养 10 天之后，其对 Cu2+处理的生理学响应呈现以下结果：一方面，由
于 Cu2+浓度的增加，龙须菜的相对生长速率、 大光合作用速率和 大相对电
子传递速率均显著降低，而其 NPQ 则显著升高；另一方面，在不增加 Cu2+浓度
（海水 Cu2+浓度为 0.04 μM）条件下，CO2 浓度的升高使得龙须菜的相对生长
速率和 大相对电子传递速率显著升高，而其 大光合放氧速率、光饱和强度、



















用，即 CO2 浓度的升高所导致的海水酸化与 Cu2+对其生长产生拮抗效应。 
总之，CO2 浓度的升高均显著提高了两种典型海藻的相对生长速率和光化



































Increased CO2 and associated chemical changes in seawater, decrease 
calcification of most marine calcifiers. However, less has been documented on how 
marine macroalgae would respond to the chemical changes in seawater carbonate 
system. The heavy metal pollution is an issue of marine environment with 
widespread concern. In this study, we chose Ulva prolifera and Gracilaria 
lemaneiformis as our experimental materials. We used pH/pCO2 perturbation 
technique to cultivate Ulva prolifera under two different pCO2 levels, representing 
the atmospheric pCO2 of present (390 ppmv, LC) and the year around 2100 (1000 
ppmv, HC) to evaluate the physiological responses. On the other hand, the effects of 
increased CO2 and copper as well as their interactive impacts on physiological 
property of Gracilaria lemaneiformis were studied. The main results are as follows: 
After acclimation from spores to juvenile to high CO2/low pH (HC) for 50 days, 
the relative growth rate of Ulva prolifera was stimulated and their morphology 
showed significant changes. Increased pCO2 also enhanced their photorespiration 
significantly. On the other hand, increased pCO2 decreased maximum 
photosynthetic O2 evolution rate. The HC-grown individuals showed higher electron 
transfer rate (ETR), but lower non-photochemical quenching performance (NPQ) 
under high light level, compared to the LC-grown ones. The down-regulated 
capability of carbon acquisition could have saved energy that contributed to lower 
the threshold at which PAR becomes excessive. Increased CO2 may stimulate the 
macroalgae’s growth under light-limited conditions, but could also inhibit it under 
excessive light levels due to enhanced photoinhibition.  
When thalli of Gracilaria lemaneiformis were exposed to elevated 
concentration of Cu2+ (original concentration of Cu2+ in seawater was 0.04 μM, then, 
0, 0.5 and 2.0 μM Cu2+ were added in seawater respectively, final concentrations of 















was significantly inhibited. Maximum photosynthetic O2 evolution rate (Pmax) and 
maximum electron transfer rate (rETRmax) also decreased significantly, and NPQ 
was enhanced significantly. On the other hand, the relative growth rate and rETRmax 
were significantly enhanced under high CO2 without additional Cu2+ (seawater Cu2+ 
concentration was 0.04 μM). Maximum photosynthetic O2 evolution rate (Pmax), 
apparent photochemical efficiency (α) and light saturation point (Ik) under high CO2 
decreased significantly. The rETRmax were significantly decreased with the increase 
of Cu2+ under each of the two CO2 levels. While chlorophyll a contents significantly 
increased with the increased Cu2+ level, growth and photosynthetic activity were 
significantly inhibited. The alga can increase NPQ under the stress of Cu2+, and can 
provide additional energy by enlarging the antena size against the stress. Overall, 
high CO2 acts antagonistically with Cu2+ to affect the alga’s photosynthetic 
physiology. 
In conclusion, increased pCO2 positively stimulated the macroalgae’s growth 
and photochemical efficiency. For Ulva prolifera, increased pCO2 and seawater 
acidity downregulated the alga’s CCM and enhanced photorespiration. The 
down-regulated capability of carbon acquisition would play different role under low 
and high light levels. The pCO2 rise and pH decline exhibited doubled edged impacts 
on the physiology of this green alga. For Gracilaria lemaneiformis, copper caused 
severe damage to its photosynthetic apparatus and inhibited its growth. The red alga 
would adjust their metabolic processes to alleviate the damage from copper. Furthere 
studies are needed to explore the underlined mechanisms. 
 
Keywords: CCM, Chlorophyll fluorescence, CO2, copper, Gracilaria lemaneiformis, 
















CA Carbonic anhydrase 碳酸酐酶 
CCMs Carbon concentrating mechanisms 无机碳浓缩机制 
Chl.a Chlorophyll a 叶绿素 a 
Chl.b Chlorophyll b 叶绿素 b 
Car. Caroteniod 类胡萝卜素 
DIC Dissolved inorganic carbon 溶解性无机碳 
ETR Electron transport rate 电子传递速率 
FW Fresh weight 鲜重 
Fm Maximal fluorescence 暗适应 大荧光 
Fo Initial fluorescence 暗适应初始荧光 
Fv Variable fluorescence 暗适应可变荧光 
Fm′ Instant maximal fluorescence 光适应 大荧光 
Ft Instantanous fluorescence (stable fluorescence) 即时或稳定荧光 
ΔF Variable fluorescence 光适应可变荧光 
NPQ Non-photochemical quenching 非光化学淬灭 
ΔF/Fm′ Effective quantum yield 有效量子产额 
PAR Photosynthetically active radiation (400–700 nm) 光合作用有效辐射 
P-I curve Photosynthesis-irradiance curve 光合作用–光强曲线 
P-C curve Photosynthesis–inorganic carbon curve 光合作用–无机碳曲线 
Pmax Maximum photosynthetic rate 大光合作用速率 
Pn Net photosynthesis 净光合速率 
α Apparent photosynthetic efficiency 表观光合效率 
PS I Photosystem I 光系统 I 
PS II Photosystem II 光系统 II 

















qI Photo-inhibition dependent NPQ 
光抑制依赖型非光化
学淬灭 
qT State transition dependent NPQ 
状态转换依赖型非光
化学淬灭 
Tris Tris (hydroxymethyl) amino methane 三羟甲基氨基甲烷 
RGR Relative growth rate 相对生长速率 
ROS Reactive oxygen species 活性氧自由基 
Rubisco Rubulose-1,5-diphosphere carboxylase 核酮糖 1,5-二磷酸羧化酶 
TA Total alkalinity 总碱度 
TC Total carbon 总碳 
TIC Total inroganic carbon 总无机碳 
UVA Ultraviolet A (315–400 nm) 紫外辐射 A 
UVB Ultraviolet B (280–315 nm) 紫外辐射 B 
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第 1 章 文献综述与研究意义 
随着工业化、城市化进程的加快，大气中 CO2 浓度已经由工业革命初期的
280 ppmv 上升到如今的 390 ppmv，而根据 A1F1 预测在本世纪末 CO2 浓度将达
到 1000 ppmv (Friedlingstein et al., 2006)。大气 CO2 浓度升高已经引起了一系列
的全球环境变化（全球变暖、海洋酸化、海平面上升、上部混合层浅化等），这
些变化将影响到人类的可持续发展 (Hughes, 2000)。海洋面积占地球表面积的
71%，海洋所溶解的总碳量为大气 CO2 量的 50 倍以上，而工业革命以来海洋吸
收的 CO2 占人类活动排放量的三分之一以上，对缓解全球变暖起着重要的作用 
(Sabine et al., 2004)。虽然近海中的大型海藻只提供了海洋初级生产力的 10%，
但它们仍然是海洋生态系统中的重要组成部分，对近岸碳循环起着很重要的作
用 (Gao and McKinley, 1994)。大气 CO2 浓度的升高会对不同海域的碳酸盐系
统产生不同程度的影响，依赖于海水化学环境的海洋生物将会受到影响。为
此，从上个世纪 90 年代开始，部分学者率先以大型海藻作为研究对象，对 CO2
浓度升高的生物学效应展开了一系列的研究 (Gao et al., 1991; Gao et al., 1993a; 
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